We report the discovery of size-dependent lattice contractions and elongations in the nanoscale hematite (α-Fe 2 O 3 ) structure revealed by high-resolution X-ray diffraction analysis and spectroscopic measurements. The observed lattice modification effects are classified into two different regions with the crystallite size (CS) with a threshold anomaly at ≈30 nm. In addition to the commonly observed lattice expansion in ionic solids, we report the discovery of lattice contraction at the nanoscale level (<30 nm CS). The consequences of anomalous structural behavior with the CS are reflected in the electronic and vibrational properties of the hematite structure. The characteristic behavior in structural and electronic properties of the hematite structure is closely linked with changes in the bonding character, which shows strong dependence on the CS. We suggest that the lattice expansion is caused by weaker hybridization of e g states, whereas at the nanoscale regime the increased level of Fe 4sp−O 2p hybridization leads to less oxygen 2p to hybridize with the 3d-states, implying an increased level of covalency and reduction in the unit cell parameters. Furthermore, the change in the bonding characteristics leads to the enhanced polaronic conductivity of 4 orders of magnitude at the nanoscale level, which is highly beneficial for the unique structural advantage of the iron oxide and its derived compounds.
■ INTRODUCTION
Iron oxides constitute an important class of minerals that is pervasive in nature. The most important geo-and biochemical redox reactions are lined either with formation or transformation of iron oxides from one state to another by charge transfer (CT) processes, which cycle the iron between its two oxidation states. 1−5 Recently, much attention has been devoted to synthesis and characterization of hematite nanostructures toward their applications in photoelectrochemical cells for water splitting, gas sensors, magnetic recording media, and as anode materials for lithium-ion batteries. 6−9 Among the various forms of iron oxides, the bulk hematite structure (α-Fe 2 O 3 ) is an n-type semiconductor with an energy gap of ≈1.9 eV at room temperature and is the most thermodynamically stable phase. Because of its semiconducting nature, the nanosized hematite particle has great advantage of tuning its physical and chemical properties. Its applicability as a better anode material for lithium-ion batteries merits in terms of its nontoxicity, low cost, and high capacity. In comparison with the conventional graphite anode material for lithium-ion batteries, α-Fe 2 O 3 exhibits high capacity (1005 mA h g −1 ), which is 2.7 times higher than that of graphite. In recent years, various morphologies of Fe 2 O 3 such as monodisperse nanocrystals, nanotubes, hollow structures, nanowires, and free-standing nanomembranes are demonstrated to be highly advantageous to improve the performance of Li-ion batteries. 9 However, the commercialization of α-Fe 2 O 3 as the anode material for energy storage devices is still limited by the poor capacity retention with short life because of the volume expansion/contraction upon repeated cycling and low polaronic conductivity. Thus, there are still great challenges to achieve extended cycle life and high rate capability with adequate reversible capacity for highpower energy storage devices. In spite of the growing importance of nanosized α-Fe 2 O 3 structure in practical applications, the fundamental understanding of the intrinsic defects in hematite structure is not clear yet. The electronic properties are controlled by the defects present in the hematite structure because the concentration and type of the defect decide the charge transport mechanism. In particular, the oxygen vacancies are expected to be the dominant one and act as shallow donor dopants in hematite, that is, energy levels close to the conduction band minimum. 10 The creation of each oxygen vacancy leads to two excess electrons and forms polaronic sites (Fe 2+ ), and this would increase the carrier (polaron) concentration and therefore the overall electrical conductivity enhancement. An early experimental investigation on nonstoichiometric Fe 2 O 3−δ revealed its partial pressure dependency on the electrical properties. 11 There have been few computational investigations on the defect properties of α-Fe 2 O 3 using classical approaches. 12 More importantly, these studies reveal that the changes in the oxygen vacancy concentrations can lead to structural phase transition from hematite to maghemite (γ-Fe 2 O 3 ). 13 Therefore, by considering the complex nature of multivalent oxides like α-Fe 2 O 3 , a detailed investigation at the ab initio level is highly desirable. In this context, the importance of defect states in the hematite structure becomes more relevant in nanosized α-Fe 2 O 3 than the bulk one because of the surface energy kinetics.
Another interesting aspect of transition metal oxides (TMOs) is the size-dependent lattice anomaly with the reduction of the particle size below a micron meter scale. More commonly, lattice parameters are the basic quantity which characterizes any crystalline solid, and thus, their variation directly affects the physical properties. The sizedependent lattice expansion has been observed in various TMO nanoparticles, 14, 15 while lattice contraction prevails for pure metal nanoparticles. 16, 17 Though the size-induced lattice changes are observed in a wide range of oxides, the fundamental origin has been the subject of debate. 18 To understand the various intriguing properties of the α-Fe 2 O 3 structure with the crystallite size (CS), we have carried out detailed and systematic investigations at the atomic level.
In this contribution, we report for the first time, combined physical and structural properties of the α-Fe 2 O 3 structure with different CSs. In this context, we have synthesized the various CSs of α-Fe 2 O 3 ranging from bulk (75 nm) to 15 nm by adopting the typical sol−gel technique. The phase confirmation of different CSs of α-Fe 2 O 3 was established by using the highresolution X-ray diffraction (XRD) analysis along with the vibrational spectroscopic techniques like Raman and Fourier transform infrared (FTIR) spectroscopy. More quantitatively, the analysis of the XRD pattern by the Rietveld method yielded systematic changes in the unit cell parameters with the CS. It is worthwhile to mention that the lower limit of the CS has been restricted to 15 nm, because below this size the hematite structure has transformed into maghemite (γ-Fe 2 O 3 ). 13 On the basis of the obtained results, we classify α-Fe 2 O 3 into two different regions with respect to the CS, where it shows the threshold anomaly in different physical, electronic, and structural properties. Size-dependent lattice expansion of the hematite structure is observed between bulk (75 nm)−30 nm CS (named as region-II). On the other hand, below 30 nm we observe lattice contraction continuously up to 15 nm CS (named as region-I), which brings many beneficial properties for different applications. The observed anomalous behavior of α-Fe 2 O 3 with the CS is closely related to changes in the hybridization between the metal and ligand orbital monitored by the X-ray absorption spectroscopy (XAS) technique. The anomalous changes in the structural properties are reflected in the electronic properties of the hematite structure, where we find polaronic conductivity enhancement of 4 orders of magnitude at the nanoscale level.
■ EXPERIMENTAL SECTION
Different crystallite sized α-Fe 2 O 3 has been synthesized by using the sol−gel procedure. We used hydrated iron nitrate Fe(NO 3 ) 3 ·9H 2 O as the precursor solution, and it was gelated by using monohydrated citric acid (Aldrich 98%) solution (0.05 M) as ligand molecules and singly distilled water as the solvent. The iron precursor solution was added into the citric acid solution dropwise with vigorous stirring at 70°C until the gel was formed. To obtain monodispersed crystallites of different sizes, we have varied molar concentrations of citric acid and iron nitrate. Subsequently, the dried gel was annealed at 550°C
, yielding different crystallite sized α-Fe 2 O 3 structures. We attempted to prepare CS of below 15 nm but ended up in the maghemite (γ-Fe 2 O 3 ) phase. Therefore, the present work deals only with the hematite (α-Fe 2 O 3 ) structure, with the CS ranging between 75 and 15 nm.
XRD measurements were performed on a Bruker D8 diffractometer using a Cu Kα source, (λ = 1.5441 Å) arrayed with a scintillation detector operating at 40 kV to 40 mA with the 2θ scan range of 15°−70°providing the step size 0.02°. The crystal structures were then refined with the help of the Rietveld refinements method by using TOPAS software, starting the refinement with the initial cell parameters reported in the JCPDS data (File no. -01-079-007) and literature. The profiles were refined to R wp < 3.4 and special efforts were made to obtain unit cell parameters within the error bars of ±0.001°. The crystal structure of hematite is same as that of corundum Al 2 O 3 , which can be described as the rhombohedral unit cell with the space group R3̅ c and Fe ions occupy two-thirds of octahedral interstitial sites. Each unit cell consists of 6 Fe 2 O 3 formula units including 12 Fe atoms and 18 O atoms. The fitting was done for the entire data set collected in the 2θ range from 15°to 70°and by starting with the Le Bail fit, in which nominal cell parameters were inserted without providing atomic coordinates and occupancy factor. After Le Bail fit converged to a satisfactory limit, proper Rietveld analysis was started by providing all atomic parameters along with the occupancy factors. However, during the first stage, all parameters were kept close to those reported, and all occupancies were constrained to the ideal value of unity.
To gain further insight into the site occupancies and the new findings in the unit cell parameters, careful analysis on the Rietveld data has been carried out. For larger CS, in the initial stages of refinement, Fe occupancy was constrained to its nominal value (1) and varied O occupancy converged close to one. On the other hand, for the CSs lower than 50 nm, a substantial improvement in the fit was obtained only when O partial occupancy was left to vary without constraints, resulting in a partial occupancy of 0.952 for O atoms in the case of 15 nm CS. It should be emphasized that the occupancy of O atoms monotonically decreased to 0.952 from its nominal value. Subsequently, Fe and O occupancies were allowed to vary free of constraints, that is, equal to one, and the value obtained in each stage was used as starting parameters for further refinements. An improvement in the fit was observed when simultaneous presence of Fe and O was allowed in their sites, whereas no convergence was seen when instantaneous presence of O in Fe site or vice-versa. Finally, O occupancy was allowed to vary simultaneously with Fe occupancy. In all the cases, temperature factors were kept to isotropic mode. The lattice parameters, reliability factors, and atomic coordinates obtained are listed in Table S2 for 75 nm CS.
The morphological nature of the obtained nanocrystals has been investigated by using transmission electron microscopy. Carbon-coated formvar copper grids were dipped in nanoparticle dispersions and imaged by the Tecnai high resolution transmission electron microscope (HRTEM; TECNAI G 2 T30 U-TWIN) attached with a double slit holder (±70°) under an accelerating voltage of 300 kV. The images have been recorded by using a CCD camera (Gatan) with the resolution of 0.19 nm. Analysis of the TEM images and calculation of lattice The Journal of Physical Chemistry C Article spacing has been calculated by using the Digital Micrograph software (Gatan). The particle size and surface morphology of all the samples were measured by field emission scanning electron microscopy (FESEM; GeminiSEM 500 by ZEISS). The images have been recorded with the same magnification choosing the different area over the grid. After recording the images, the particle sizes have been analyzed with the help of ImageJ software which enables one to enhance the image contrast and sharpening of the images. After calibrating the scale according to the image magnification, the size of each particle has been measured and listed in the form of table. Afterward, the histogram was made with the listed values in the table followed by peak fitting which results into the Gaussian distribution.
XAS on Fe L-edge and O K-edges was performed at the SXAS beamline (BL-01) of the INDUS 2 synchrotron source at RRCAT, Indore, India, operating at 2.5 GeV energy with a maximum storage current of 150 mA. The room temperature XAS data were collected in total electron yield (TEY) mode under ultra-high vacuum (10 −10 Torr) conditions and normalized with respect to incident photon flux. Grating with 1500 grooves per mm with the entrance and exit slit size of 1000 and 100 μm was used for collecting the spectra in the energy ranges of 500−580 eV for O 1s and 700−740 eV for Fe L-edge. The energy resolution was 0.2 and 0.3 eV for O 1s and Fe L-edge, respectively. Pre-edge and postedge correction of normalized XAS data was performed using Athena software.
The FTIR spectra were recorded with Thermo Scientific (NICOLET 380) system in transmittance mode and on pellets made by KBr and sample with weight ratio of 1:100 (sample to KBr). In Figure S7 , we illustrate the measured FTIR spectra of the α-Fe 2 O 3 with different CSs in the range of 400−1000 cm
, where the characteristic absorption band intensity and position shows pronounced change with size. The room temperature Raman spectra were recorded in the 180°back scattering geometry, using a 785 nm excitation of air-cooled argon ion laser (Renishaw InVia Reflex Micro Raman Spectrometer). Spectral resolution of the instrument was better than 1 cm −1 and the incident power was fixed to 10 mW for all the samples.
Diffuse reflectance spectra (DRS) of all the samples with different particle sizes were recorded using a PerkinElmer UV− vis spectrophotometer (Lambda-65), the spectral resolution of the instrument is around 0.5 nm. In the DRS, ethanol was used as the reference sample, and then, the samples were mixed with ethanol and recorded the absorbance spectra covering the full range from 200 to 1100 nm. Optical absorption spectroscopy measurements on the hematite structure with different CSs reveal the electronic structure, and it again supports the observed anomalous polaronic conductivity behavior with the CS. The Tauc plot has been derived from the DRS, and then, the optical band gap of the corresponding crystallite structure has been estimated.
Broad band impedance measurements were performed on circular disc-shaped pellets by using a Novocontrol α-S highresolution dielectric analyzer. The α-Fe 2 O 3 powder was first pressed into pellets of 13 mm diameter and thickness of 1 mm by means of uniaxial press (4 ton). Ionically, blocking electrodes were made by sputtering silver/gold layers on both sides of the compact pellet. The ac impedance measurements were made in a frequency range from 10 mHz to 1 MHz, at temperatures between 273 and 573 K. The dc conductivity has been extracted by fitting the frequency-dependent conductivity spectra by using the Jonscher power law relation. In the present work, we discuss only the size-dependent dc conductivity at 313 K and explore the origin of polaronic conductivity enhancement and its interdependence on the optical band gap.
■ RESULTS AND DISCUSSION
The crystallographic structures of the obtained powdered samples with different CSs were analyzed by the XRD method. The obtained diffraction patterns are well-indexed to the rhombohedral hematite (α-Fe 2 O 3 ) structure (JCPDS file no: 01-079-007), and no other parasitic phases (γ, β, δ-Fe 2 O 3 or iron oxide hydroxide) has been detected in all the CSs as shown in Figure S1 (see the Supporting Information). The average CSs of all the samples have been estimated by using the Williamson Hall relation 19 given by
where β cos(θ) is plotted against sin(θ), the intercept of the straight line would provide the CS of the particular sample, and the slope will be associated with the lattice strain. After removing the contribution of strain in the peak broadening, the CS of each sample has been calculated and it was found to be in the range between 75 and 15 nm. The lowest CS has been limited to 15 nm because below this size we observed emergence of the maghemite (γ-Fe 2 O 3 ) phase, which is in agreement with earlier studies. 13, 20 Additionally, we have confirmed the CS distribution of individual α-Fe 2 O 3 particles in the present investigation by using the HRTEM shown in Figure S2 (see the Supporting Information). An estimated average CS and lattice spacing of all the samples in the present investigation by XRD and HRTEM are listed in Table S1 . It is interesting to note that there is good agreement between estimated values by XRD and HRTEM. Furthermore, we have carried out FESEM investigations to reveal the surface morphology and particle size distribution. The surface morphology by FESEM reveals that the particles are spherical in shape and uniformly dispersed as shown in Figure S3 (see the Supporting Information). The particle size analysis indicates that the lower-sized sample possesses relatively narrow-sized distribution than the larger-particle-sized sample.
The crystal structure of hematite is same as that of corundum Al 2 O 3 , which can be described as the rhombohedral unit cell with the space group R3̅ c, and Fe ions occupy two-thirds of octahedral interstitial sites. An each unit cell consists of 6 Fe 2 O 3 formula units including 12 Fe atoms and 18 O atoms. Furthermore, the crystal structure was refined using the Rietveld-refinement analysis, they are completely indexed to the space group of R3̅ c as shown in Figure S4 (see the Supporting Information), and it has resulted with lattice constants of a = b = 5.036(1) (Å), c = 13.751(3) (Å) and V = 302.192(11) (Å 3 ) for the bulk CS (75 nm). 21, 22 The profiles were refined to R wp < 3.4, and special efforts were made to obtain unit cell parameters within the error bars of ±0.001°. The structural parameters obtained from the Rietveld refinement for representative 75 and 15 nm CS are tabulated in Table S2a ,b (see the Supporting Information). Similarly, we extracted the lattice parameters of all the CSs using the Rietveld analysis and depicted in Figure 1 . As shown in Figure 1a , the CS reduction leads to the expansion of lattice constant and unit cell volume until 30 nm. The present results are in agreement with earlier observation on α-Fe 2 O 3 bulk and nanocrystals. 14, 23 Remarkably, with the further reduction in size (<30 nm), the lattice constants and cell volume decrease significantly and the The Journal of Physical Chemistry C Article obtained value for 15 nm CS is much lower than that of the bulk value.
More commonly, the increase in the crystallographic cell volume has been observed in the hematite structure as well as other TMOs with the reduction of the CS. 22 To our knowledge, there is only a report in the literature on NiO which experiences the similar behavior, that is, increase and then decrease in unit cell parameters with the reduction of the particle size. 24 However, the threshold anomaly in NiO is different from the hematite structure, and the authors do not provide any justifications for the observed size-dependent variations in the lattice constants. In this present work, we observe 0.15% expansion followed by 0.5% contraction in the cell volume with respect to the macroscopic crystal structure of hematite shown in the inset of Figure 1 . Again, the percentage of volume expansion (0.15%) is consistent with the earlier reports on hematite nanocrystals. 23 However, reduction of the CS below 30 nm leads to the contraction in unit cell parameters, which should be different origin from the initial lattice expansion. To gain further insight into the site occupancies and the new findings in the unit cell parameters, careful analysis on the Rietveld data has been carried out. For larger CS, in the initial stages of refinement, Fe occupancy was constrained to its nominal value (1) and varied O occupancy converged close to one. On the other hand, for the CSs lower than 50 nm, a substantial improvement in the fit was obtained only when O partial occupancy was left to vary without constraints, resulting in a partial occupancy of 0.952 for O atoms in the case of 15 nm CS. It should be emphasized that the occupancy of O atoms monotonically decreased to 0.952 from its nominal value. We have also estimated the resulting lattice strain with the reduction of the CS from the Rietveld analysis, which shows the substantial enhancement below 30 nm CS as illustrated in the inset of Figure 1 . The observed anomalous size-dependent variation of lattice constants and cell volume are an intrinsic property of hematite crystals caused by the change in the molecular structure with the reduction of CS. Thus, it is highly necessary to understand the nature of atoms and their surrounding environments which determines valance state, hybridization, and covalency effects because these fundamental quantities determine the unit cell parameters as well as other physical properties. In the following section, we provide direct evidence for the changes in the local bonding character and its close connection with the observed unit cell parameters.
To obtain appropriate microstructural information, XAS measurements were carried out at the SXAS beamline (BL-01) of the INDUS 2 synchrotron source at RRCAT, Indore. Figure  S5 shows the normalized Fe L 2,3 edges related to the excitation of a 2p core electron of hematite with different CSs recorded at room temperature. Both these L 3 and L 2 edges are further divided into t 2g and e g levels because of crystal-field splittings and atomic multiplet effects. 25 A careful observation of the L 3 edge shows that the intensity of the t 2g level is lower than the e g level and their difference in the peak maximum is related to the crystal-field splitting (10Dq) energy. To gain further insights, we used a freeware interface version of the multiplet code available under the name of charge transfer multiplets for XAS (CTM4XAS). 26 By using the CTM4XAS, we have simulated the Fe L 3,2 edges and compared the results with the experimental spectra as shown in Figure S6 (see the Supporting Information). For the larger CS (75 nm), the spectral shape, peak position, and 10Dq are similar to those reported in the literature on the bulk hematite structure by assuming to be high spin 6 configuration. 27 Though the spectral features are similar in the entire range CS, the value of 10Dq shows pronounced size dependence, indicating that the 3d electron density become dependent on the CS and is shown in Figure S7 (see the Supporting Information).
In Figure 2 , we depict the oxygen 1s XAS spectra of α-Fe 2 O 3 with various CSs, where significant changes in the intensity of pre-edge region (530−535 eV) and postedge region (536−546 eV) have been observed. In Fe-based oxides, the pre-edge spectral features are associated with the number of unoccupied 3d metal states which are hybridized with the O 2p states. On the other hand, the features in the postedge region are O 1s 28, 29 The changes in the O 1s XAS spectral intensity with the CS are larger than that of the Fe 2p XAS spectral intensity. Remarkably, the intensity of the t 2g and e g peaks in pre-edge and postedge region varies with the CS, where the intensities of spectral features are related to the spin states and/or the number of electrons in the d orbitals. 28 In TMOs, the ratio t 2g /e g is expected to be 3:2 for d 5 and 0:2 for d 8 electrons provided if the covalency is the same of the t 2g and e g electrons. However, the experimental studies on various TMOs reveal that the hybridization of the e g states is stronger than the t 2g state implying that the ratio become 1:1 instead of 3:2 because of increased covalence of e g electrons. Therefore, the intensity ratio of these spectral features provides information about the nature of ions involved in the hybridization process or the intensity ratio is equivalent to the amount of covalent mixing between iron and oxygen. To proceed for a quantitative determination area under the t 2g and e g peak, it is necessary to use the deconvolution procedure with the aim of separating individual contributions. In Figure 3 , we show the estimated intensity ratio (pre-edge region) of α-Fe 2 O 3 with different CSs, where the ratio is found to be less than one in all the CSs. Interestingly, the CS-dependent intensity ratio shows anomalous behavior, where it decreases with the reduction of the CS from the bulk and then it increases sharply below 40 nm CS. At first, the intensity ratio of bulk α-Fe 2 O 3 is different from that reported for the high spin state of Fe 3+ ions (d 5   ) , which suggests that the involvement of oxygen 2p and metal 3d hybridization. With the reduction of CS (region-II) from its bulk value, it is clear from the O 1s XAS spectra that the intensity of the e g peak increases from bulk (75 nm) up to 40 nm. In TMOs with octahedral complexes, the metal e g orbitals (d x 2 −y 2 and d z 2 ) are directed toward the oxygen atoms and overlap strongly with the oxygen 2p orbitals. The decrease in the intensity ratio (t 2g /e g ) implies the reduction in the covalence by the lattice elongation, that is, the hybridization of e g states becomes weaker (region-II). On the other hand, for below 40 nm CS the intensity ratio of the O 1s XAS spectra shows the distinct behavior, where the 3d t 2g contribution becomes dominant at the expanse of the e g level. In addition to the pre-edge region, it is worthwhile to note the changes in the second component intensity (energy near 540−545 eV). The intensity at the postedge region is related to the O 2p character in bands hybridized predominantly with the transition metal 4sp character. Hence, the main bonding between iron and oxygen is 4s and 4p orbitals of iron and the oxygen 2p orbitals at lower CSs. It is interesting to note that the increased level of Fe 4sp−O 2p hybridization leads to the less oxygen 2p to hybridize with the 3d-states, implying increased level of covalency and reduction in the unit cell parameters.
For the TMOs with octahedral symmetry, if the degeneracy of the d orbital is lifted then it leads to the splitting of d orbital into two groups with different energies (t 2g and e g ) levels. The difference in energy between t 2g and e g levels is called as crystalfield splitting energy (10Dq or Δ o ), and it strongly depends on the nature of the ligand and charge state of the metal ion. In Figure 3 , we illustrate the extracted 10Dq values from the O 1s XAS study on the hematite structure with different CSs. For the bulk crystallite α-Fe 2 O 3 structure, the value of 10Dq is found to be 1.53, similar to the earlier reported value in the literature. 27 The CS-dependent variation of 10Dq shows the opposite behavior to the intensity ratio (t 2g /e g ), where it complements with each other. With the reduction in the CS, the 10Dq value increases (region-II), and it represents the enhancement in the splitting because of the destabilization of the e g orbitals, where the charge is transferred from the ligand to the metal d level. We find an identical value of 10Dq from the oxygen K edge and the metal L-edge (figure S6 see the Supporting Information) and its variation with the CS implies that the core hole effect on the 10Dq value is similar. 30 With the reduction of CS, we observe the maximum of 10Dq value at 40 nm CS, and then, it decreases drastically. However, for below 40 nm CS an increased level of hybridization leads to the reduction in the 10Dq value and in agreement with commonly observed in d 0 and d 10 configurations in both strong and weak ligand fields. The decrement in the 10Dq value for the smaller-sized crystallite implies the reduced oxygen content in the 3d band. 31 An enhanced level of covalency at lower CS is substantiated by the reduction in the Fe−O distance by X-ray photoelectron spectroscopy studies on epitaxial thin α-Fe 2 O 3 films and nanocrystals. 32 The covalence enhancement in the Fe−O bond accompanied by electron distribution variations in 3d orbitals with possible low spin configurations could be more favorable than the high spin configuration in this system. Furthermore, these magnetic phase transition is supported by the reduction in the magnetization of nanosized α-Fe 2 O 3 structures compared with the bulk counterpart. 33, 34 The observed size-dependent anomalous variations in the structural properties of α-Fe 2 O 3 discussed above are reflected in vibrational properties. In this context, we have used FTIR and Raman spectroscopy as tools to confirm the characteristic vibrational modes in the α-Fe 2 O 3 structure and its changes with the CS. We measured the FTIR spectra of each of the α-Fe 2 O 3 CS and observed changes in the characteristic absorption band intensity and position in the range of 400−1000 cm −1 as shown in Figure S8 (see the Supporting Information). Group theoretical calculations predict that the hematite structure has six infrared active modes, out of which two polarized modes are vibrating along the c-axis (∥ modes) and four other modes are vibrating perpendicular to the c-axis (⊥ modes). 35, 36 However, in the present work, the observed absorptions consist of four bands extracted by the deconvolution procedure based on the theoretical calculations. In Figure S9 (see the Supporting Figure 3 . CS-dependent intensity ratio of the t 2g and e g peaks (left yaxis) and the difference 10Dq (right y-axis) calculated from O 1s XAS spectra of α-Fe 2 O 3 . The intensity ratio is equivalent to the amount of covalent mixing between oxygen 2p and metal 3d sates. Under the influence of an octahedral ligand field, the d orbitals split into two groups of different energy (t 2g and e g ) levels and their difference is denoted as 10Dq or crystal-field splitting energy (Δ o ). The line connecting the points is drawn as a guide to the eye.
The Journal of Physical Chemistry C Article Information), we illustrate the deconvoluted FTIR spectra of the hematite structure of representative 75 nm CS. The observed absorptions centered at about 470−482 (E u ) and 522−540 (E u ) cm −1 correspond to the ⊥ modes of the Fe−O stretching vibrations. On the other hand, the vibrations between 526 and 662 (A 2u ) cm −1 are associated with the modes that have polarization ∥ to the c-axis. Furthermore, it has been reported in the literature that the properties of infrared optical modes of the hematite structure are size-and shapedependent, because of the polarization change induced by an external magnetic field at the crystal surface. 37 The influence of the CS on the vibrational properties becomes noticeable by monitoring the characteristic vibrational mode and its position with the size. In this context, we considered E u mode centered at 482 cm −1 and its position with the reduction in the CS. In Figure 4 , we illustrate the CS-dependent FTIR vibrational peak maxima of 482 cm −1 , which shows the appreciable reduction in the vibrational frequency, that is, red shift up to 30 nm CS. However, for below 30 nm CS we observe that the vibrational mode shifts to a higher frequency, that is, blue shift. An earlier FTIR studies on the α-Fe 2 O 3 structure revealed only the red shift with the reduction of the particle size (correspondingly lattice expansion or region-II). 23, 38 Furthermore, we have characterized the hematite structure of different CSs by Raman spectroscopy and identified various Raman active modes. It is known that the hematite structure belongs to the R3̅ c crystal space group and has seven Raman active phonon lines, namely, two A 1g modes (221 and 498 cm ), respectively. 39, 40 In Figure S10 (see the Supporting Information), we show the room temperature Raman spectra of the hematite structure for various CSs. In contrast to FTIR spectra, we observe that characteristic Raman active modes belong to the hematite structure and they are well-resolved and appear distinctly. Furthermore, the observed Raman bands confirm to be an intrinsic part of the hematite structure in all the CSs by the absence of any other vibrational band related to parasitic phases. It is worthwhile to mention that the distinction between bands at 293 and 299 cm −1 is resolved only at temperatures below 100 K, and therefore, we observe only one band at room temperature. 41 In Figure 4 , we depict the peak position of A 1g mode for 75 nm vibrates at 221 cm −1 for different CSs of the hematite structure. Remarkably, in parallel with the FTIR vibrational mode of 470 cm −1 , we observe a similar dependency on the peak position of A 1g mode with different CSs. The A 1g mode at around 221 cm −1 is due to the symmetrical stretching of the Fe−O bond, which involves the movement of an iron ion along the z axis with the Wyckoff position (0,0,z). The observed size-dependent vibrational properties are intrinsic part of the hematite structure and exhibit a similar dependency on the CS. On the basis of the above experimental results, we confirm the observed behavior, that is, lattice expansion and contraction are exclusively due to the size-dependent property of the hematite structure.
As the CS decreases from bulk (75−30 nmdenoted as region-II), the hematite unit cell expands aniostropically, where the c-axis increases faster than the a-axis revealed by XRD data. Because of the unit cell volume expansion, c-axis directed displacements in the unit cell become more vulnerable to the size effect than the other directions and consequently exhibit the red shift. In addition, the reduction in the vibrational frequency with the decrease of the CS can be related to the force constant between the Fe 3+ and O 2− which would become smaller because of the corresponding lattice expansion of the hematite structure. On the other hand, for the CSs below 30 nm we observe increase in the wavenumber of those vibrational frequencies discussed above, that is, blue shift corresponding to the volume contraction. According to the XRD Rietveld analysis, the crystallites in this region (30−15 nm denoted as region−I) were found to exhibit lattice contraction corresponding to the compressive strain in the hematite structure leading to the blue shift. Thus, the observed red shift (region-I) and blue shift (region-II) in the vibrational modes (perpendicular to c-axis) can be primarily ascribed to the size-induced lattice expansion and contraction of the hematite structure.
In addition to structural peculiarities, we also observe anomalous behavior in the electronic properties of the hematite structure with varying the CS. In the pure hematite structure, the charge transport has been described in terms of the small polaron model in which the displacement of charge carriers is coupled with distortions of nearby atoms, where the charge carrier hops from site to site. 42−45 To obtain the charge transport mechanism on a microscopic level, we used broad band conductivity spectroscopy over a wide range of frequencies and temperatures. In Figure S11 (see the Supporting Information), we illustrate the frequency-dependent conductivity spectra of α-Fe 2 O 3 for CS 15 nm at various temperatures. The frequency-dependent conductivity spectra are characterized by well-defined low-frequency plateaux, where the conductivity is independent of frequency, that is, polaronic dc conductivity. These plateaux allow us to determine the dc conductivity more precisely with an error of less than 1%. In Figure 5 , we illustrate the estimated dc conductivity at 313 K for various CSs of the hematite structure in the present work. The obtained dc conductivity for the bulk hematite structure (75 nm) is 1.65 × 10 −6 S/cm, which is in good agreement with the earlier reported values in the literature. 42 It is interesting to note that the bulk effect prevails up to 50 nm and then the influence of size effect starts where the polaronic dc conductivity decreases with the reduction of the CS up to 30 nm with the value of 2.48 × 10 −9 S/cm. Remarkably, we find that the polaronic dc conductivity increases below 30 nm CS and it attains the value of 2.035 × 10 −4 S/cm for 15 nm CS, and 
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Article it is about 3 orders magnitude higher than the bulk polaronic dc conductivity. Again, we emphasize that the observed CSdependent polaronic dc conductivity behavior is not originated from the parasitic phases and it is intrinsic part of the hematite structure. In general, the polaronic dc conductivity is determined by the several parameters such as the concentration of polarons, coupling constant (strength of the electron− phonon interaction), hopping length, hopping frequency, and activation energy. In Figure S12 (see the Supporting Information), we illustrate the temperature-dependent dc conductivity of all the CSs in the Arrhenius plot measured over a wide temperature range. Clearly, the measured dc conductivity data do not follow the simple Arrhenius behavior, rather we find two different temperature regimes corresponding to the high temperature or non-adiabatic regime and intermediate or quasi-adiabatic regime with a positive curvature as shown in the inset of Figure S12 . Furthermore, we have analyzed the temperature-dependent polaronic dc conductivity using the Mott model of polaronic conduction and extracted various physical quantities associated with the hopping of charge carriers listed in Table S3 (see the Supporting Information). In the following, we discuss the origin of the anomalous behavior of dc polaronic conductivity of the hematite structure with the aid of the electronic structure revealed by various spectroscopic techniques and polaron hopping parameters (also known as Mott parameters) derived from fitting the temperature-dependent dc conductivity by using the Mott equation.
In the solids containing TMOs, an electrical conduction mechanism is described by the small polaron hopping process proposed by Mott. 43, 45 In the case of the hematite structure, the active redox center is the Fe 3+ state which becomes the Fe 2+ state upon removal of oxygen atom, that is, by the presence of oxygen vacancy (source of polarons). This type of self-trapped electron corresponds to the electron polaron (Fe 2+ ) induced at the host Fe 3+ state. Furthermore, the electron polaron is localized at the central iron ion with the t 2g character in the minority spin direction. Now, the ionic radius of the iron site Fe 2+ increases, which is accompanied by the polarization of the surrounding lattice. The distortion in the lattice leads to the trapping of the mobile charge carrier. The electron transfer process becomes possible only when thermal fluctuations of the lattice caused by the electronic states of the donor to coincide with the electronic states of the acceptor. The energy required to do this process is the activation energy, which must be overcome to permit the electron to hop from one site to the other.
In region-II, we observe decrease in the polaronic dc conductivity and this can be directly linked with the increase in the activation energy, electron−phonon interaction and polaron hopping length. The estimated polaron hopping length is found to increase upon reduction of the CS because of the expansion of the unit cell volume. On the other hand, at lower CSs (region-I), we find the enhancement in the polaronic dc conductivity because of the combined effect of reduction in hopping length, activation energy, and minor enhancement in the concentration of polarons. The influence of the polaron concentration becomes important only at lower CSs, where the Rietveld analysis reveal for 15 nm CS possess highest concentration of around 5% oxygen vacancy and for CSs above 30 nm, oxygen vacancy concentrations are found to be less than 1% listed in Table S3 (see the Supporting Information). The enhanced oxygen vacancy concentration at lower CSs can be understood in terms of the increased surface energy kinetics. The pronounced reduction in the hopping length at lower CS is also supported by the present XRD Rietveld analysis results and reduction in the Fe−O distance revealed by spectroscopy measurements. Furthermore, we have estimated the electron−phonon coupling constant (γ) of all the crystallites with the aid of polaron hopping energy and polaron hopping frequency suggested in the literature. 45, 46 The theoretical calculations on γ predict that if γ is greater than 4 then it corresponds to strong coupling between electron− lattice interactions in the system, else the interactions are weak. 47 In Table S3 (see the Supporting Information), we list the estimated values γ for the hematite structure, which vary between 5 and 10 depending on the CS. It is quite clear from the Table S3 that the reduction in the CS (region-II) leads to the enhancement in the strength of the interaction and reaches maximum for 30 nm CS, which results in the strong localization of the charge carrier. On the other hand, the strength of the interaction becomes weaker for the CSs below 30 nm and precedents to weak localization of the charge carrier. Thus, the observed anomalous polaronic dc conductivity behavior with the CS is closely related to the different microscopic quantities and they are controlled by structural distortion.
Optical absorption spectroscopy measurements on the hematite structure with different CSs reveal the electronic structure and it again supports the observed anomalous polaronic conductivity behavior with the CS. The Tauc plot has been derived from the DRS shown in Figure S13 (see the Supporting Information), and then, the optical band gap of the corresponding CS has been estimated. In Figure 5 , we illustrate the obtained optical band gap of the hematite structure with varying CS, which shows the systematic trend and opposite behavior of dc polaronic conductivity. Unequivocally, we observe two distinct regions in the variation of band gap with the CS. In region-II, the estimated band gap increases with the reduction of CS and shows the maximum at 30 nm CS. On the other hand, we discovered that the band gap starts decreasing below 30 nm CS and attains the value of 1.8 eV for 15 nm CS, which is below the bulk value. The estimated band gap values for bulk hematite (75 nm) is 1.9 eV and in agreement with the Figure 5 . We represent the estimated polaronic conductivity, σ dc , and an optical band gap, E g , of hematite measured at 313 K with the CS. The σ dc has been estimated from the frequency-dependent conductivity spectra, where at low frequencies the polaronic conductivity is independent of the frequency. The optical band gap has been measured from the Tauc plot with an error in energies less than 0.05 eV. The line connecting the points is drawn as a guide to the eye. The threshold anomaly is observed at 30 nm CS in both polaronic conductivity and an optical band gap.
The Journal of Physical Chemistry C Article earlier reports in the literature. 48, 49 There are numerous studies in the literature reporting size-dependent band gap of the hematite structure and the reported band gap values on nanoparticle/CS remain highly controversial. 50, 51 The recent studies on the hematite structure reports the increase of the band gap value with decrease in the particle size, 52 and there are few other studies that report the constant value of the band gap in the entire range, that is, bulk to nanosized hematite (8 nm) . 50 However, the present work reports that the observed behavior is central to the hematite structure and it varies with the CS in a reversible manner. Thus, the observed behavior of polaronic dc conductivity and optical band gap with the CS has not been reported so far to the authors' knowledge and it is an intrinsic part of the hematite structure. Though the polaronic conductivity and an optical band gap are mainly governed by the electronic structure, they are not directly interlinked like other conventional semiconductors.
It is known that bulk hematite structure has been classified as a CT magnetic insulator. In CT insulators, the top of the valance band mainly consists of oxygen 2p nonbonding orbital in addition to a set of bonding orbitals. Because of the covalency character, the orbitals corresponding to the oxygen 2p band can have a substantial contribution from the iron 3d, 4s, or 4p atomic orbitals and overlap with each other. Among the different bonding orbitals, the most relevant bonding orbital is the e g which corresponds to Fe(3d)−O (2p), σ-type interaction. The other bonding orbital is t 2g which corresponds to the Fe(3d)−O (2p), π-type bonding interaction. On the other hand, the conduction band in the hematite structure mainly comprises the Fe 3d antibonding e g and t 2g orbitals. Thus, the optical band gap in the hematite structure is the energy difference between the highest occupied e g (up-spin) bonding orbital and the lowest empty t 2g (down-spin) antibonding orbital.
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From the reduction of the CS from the bulk value, we observe that an opening up of band gap by 0.6 eV (region-II) represents the weakening of the Fe 3d(e g )−O 2p hybridization and it is consistent with XAS results. Because of the increase of lattice constant, the mixing of the wave functions between Fe and O becomes less and the bandwidth of the valance band becomes small, correspondingly increasing in the band gap. On the other hand, at lower CSs (region-I) closing of the band gap takes place by 0.6 eV with respect to maximum observed at 30 nm CS. As mentioned in the previous section (XAS part), the increase in the intensity ratio (t 2g /e g ) and the decrease in crystal-field splitting energy (10Dq) indicate the enhancement in the covalency. Furthermore, we observed that the increased level of 4sp−O 2p hybridization leads to the increase of the bandwidth of the valence band, which brings the reduction in the band gap. Therefore, the present work reveals that the CS/ particle size influences differently the structure and properties of TMOs at least in α-Fe 2 O 3 .
■ CONCLUSIONS
In summary, the results presented in the present work displays several important advantages featuring the nanosized hematite structure over the bulk counterpart. In addition to the lattice expansion observed in many TMOs including hematite, we have discovered the lattice contraction and discussed the underlying origin atomistically. The anomalous behavior of the hematite structure with the CS is reflected in different physical, electronic, and structural properties. The characteristic behavior of structural and electronic properties of the hematite structure is directly linked with the changes in the bonding character which shows the strong dependence with the CS. These findings demonstrate the flexibility of the hybridization (mixing) process in confined systems and suggest a strategy for both enhancement and controlling the electronic properties in different classes of materials. In addition to the relevant importance with respect to applications, such a new class of nanosized iron oxide-based compounds with their rich and fascinating crystal chemistry has become an important electrode material for the next generation of lithium-ion batteries.
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